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We present a very simple fourth generation (4G) model with an Abelian gauge interaction under which
only the 4G fermions have nonzero charge. The Uð1Þ gauge symmetry can have a Z2 residual discrete
symmetry (4G parity), which can stabilize the lightest 4G particle (L4P). When the 4G neutrino is the L4P,
it would be a neutral and stable particle and the other 4G fermions would decay into the L4P, leaving the
trace of missing energy plus the standard model fermions. Because of the new symmetry, the 4G particle
creation and decay modes are different from those of the sequential 4G model, and the 4G particles can be
appreciably lighter than typical experimental bounds.
DOI: 10.1103/PhysRevLett.110.021802 PACS numbers: 14.65.Jk, 11.30.Er, 12.60.i, 14.70.Pw
There are intriguing arguments and considerable interest
in the fourth generation (4G) fermions [1,2]. Since we do
not have a good understanding of why we have three gen-
erations in the standardmodel (SM), it seems sensible to ask
if a 4G also exists. It is clearly one of the simplest extensions
of the SM, whose symmetries do not restrict the number
of fermion generations. Yet there are some issues in the
4G scenario, and, in this Letter, we will present a new 4G
model that can address these issues and predict novel sig-
natures in the Large Hadron Collider (LHC) experiments.
While it is not certain whether the 4G exists or not, one
fact is certain: If the 4G exists, there should be an under-
lying symmetry or mechanism that distinguishes the 4G
from the three generations of the SM and renders the 4G
neutrino enormously more massive than the lighter three
neutrinos. This is required by the LEP measurement of
the Z width that strongly supports the fact there are only
three light active neutrinos [3]. This has been a common
issue for all the 4G models since the LEP era [4].
We want to emphasize that this symmetry should be
considered natural or at least not uncommon to the extent
that most new physics models carry an auxiliary symmetry
in order to be realistic: R parity for supersymmetry [5],
T parity for the little Higgs model [6], and
KK parity for extra dimensions [7], for instance. While
these are all introduced to address phenomenological issues
such as proton stability and electroweak (EW) precision
tests, they often stabilize a new particle [the lightest super-
symmetric particle (LSP) by R parity, the lightest T parity
particle (LTP) by T parity, the lightest KK parity particle
(LKP) by KK parity] that could be a natural dark matter
(DM) candidate. Thus, in a similar fashion, we can envision
a natural auxiliary symmetry for the 4G models that could
distinguish 4G fermions from the SM fermions so that it can
simultaneously (i) explain the LEP Z width measurement
and (ii) provide stability to a new particle that could be a
DM candidate.
Another issue of the 4G scenario is that collider bounds
on the 4G fermion masses are saturating the maximal
values allowed by the perturbative unitarity. For instance,
in a direct search of a 4G up-type quark (u4 or t
0) in a
sequential 4G extension of the SM (often called the
standard model with four generations, SM4) with a decay
mode of t0 ! Wþ þ b assuming 100% branching ratio, the
current bound from the LHC experiments [8] is close to the
perturbative unitarity bound of 550 GeV [9].
In this Letter, we introduce a very simple 4G model
accompanied by an Abelian gauge symmetry under which
only the 4G fermions are charged, thus dubbed as 4G force.
A residual discrete symmetry or 4G parity remains after
the Uð1Þ symmetry breaking, causing the lightest 4G
particle (L4P) to be stable. Note that, without a gauge
origin, a discrete symmetry may be vulnerable to the
Planck scale physics [10].
We will discuss how the new symmetry can satisfy the
desirable features to be the 4G auxiliary symmetry and
consider its implications for the LHC experiments. We
assert that the 4G scenario, when it is accompanied by
the auxiliary symmetry, can remain valid even long after
the SM4 is excluded by the experiments at the LHC.
Some recent works on 4G models in various contexts
can be found in Refs. [11–15].
Model.—The particle content in our model is the SM
particles, including three right-handed neutrinos plus an
entire 4G fermion multiplet (Q4, U4, D4, L4, N4, E4) as
well as a gauge boson Z0 of a new Uð1Þ gauge symmetry.
We assume two Higgs doublets ( and 0) and a Higgs
singlet (S) whose vacuum expectation value (vev) breaks
the Uð1Þ. [We adopt typical notations Q  ðu; dÞTL,
U  uR, D  dR, etc.]
The Uð1Þ has nonzero charges for the 4G fermions but
zero charges for the SM fermions (see Table I). As is well
known, the mixture of the (B-L) and Y is the only possible
anomaly-free gauge extension of the SM for each
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generation without introducing additional fermions besides
the right-handed neutrino [16]. (B, L, and Y are baryon
number, lepton number, and hypercharge, respectively.)
Thus, the Uð1Þ charge
Q ¼ ½ðB LÞ þ xY4 (1)
is determined uniquely up to the mixing parameter x.
Since the SM fermions are not charged under the Uð1Þ,
one Higgs doublet () responsible for the SM fermion
masses should not carry any Uð1Þ charge either. The other
Higgs doublet (0) that generates the 4G fermion masses
should carry nonzero Uð1Þ charge in general to make
Yukawa terms gauge invariant. In the special case of
x ¼ 0, a single Higgs doublet would be enough to couple
and give masses to both SM fermions and 4G fermions but
it gets the same constraints as the SM4 Higgs doublet,
which is incompatible with the recent LHC data. (See the
discussion later.)
The Yukawa terms are given by
L ¼ yD QaDb  yU Qa ~Ub     þ H:c:
 y0D Q40D4  y0U Q4 ~0U4     þ H:c:; (2)
where a, b ¼ 1–3 covers only the SM generations.
( ~  i2 is a conjugate of .) SM fermion masses
are given by mf ¼ yfv=
ffiffiffi
2
p
, whereas the 4G fermion
masses are given by mf4 ¼ y0fv0=
ffiffiffi
2
p
. The total vev of
vEW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 þ v02
p
’ 246 GeV can be maintained, for ex-
ample, with v ’ 225 GeV and v0 ’ 100 GeV or vice versa.
This would limit the 4G fermion masses, but, as we will
discuss later, such light 4G fermions may be possible in the
presence of 4G parity.
There is a similarity between our model and the well-
established type-I two Higgs doublet model where 
couples to all SM fermions and 0 does not couple to
any fermions. (See also Refs. [17–19] for some recent
studies on the two Higgs doublets with 4G.)
Discovering Z0 would not be straightforward since the
SM fermions have zeroUð1Þ charge. It also allows the Z0 to
be much lighter than typically assumed TeV scale. The
relevant terms for the Z0 mass are given by
L ¼ 1
2
m2Z0Z0Z0 þ 2Z0Z00 þ
1
2
m2Z0
0
Z00Z00; (3)
with m2Z0 ¼ 14g2Zv2EW, m2Z00 ¼ g
2
Z0 ð9x2v02 þ 49v2SÞ and 2 ¼
 32gZgZ0xv02. The gZ and gZ0 are the effective gauge
coupling constants for Z and Z0, respectively, and vS is
the vev of the Higgs singlet S.
The Z-Z0 mixing angle  is determined by tan2 ¼
22=ðm2Z0 m2Z00Þ, which is constrained to be tiny by the
precise Z pole measurement at LEP [jj & Oð103Þ] [20].
The mixing angle is small enough for sufficiently small
gZ0x or sufficiently large gZ0vS. Thus, the small mixing can
be easily achieved. We will not consider kinetic mixing
through heavy 4G fermion loops between the Uð1ÞY and
the new Uð1Þ in this Letter. When a Higgs doublet charged
under a Uð1Þ is present, interesting phenomenology asso-
ciated with a tree-level Z0-Z-Higgs vertex is possible for
both heavy and light Z0 scenarios [21,22].
In general, B-L with an arbitrary shift proportional to Y
can leave an unbroken residual Z2 discrete symmetry
ð1Þ3ðB-LÞ called matter parity, under which all matter
particles (quarks and leptons) are odd and the others are
even as long as the scalar boson whose vev breaks theUð1Þ
has a right charge. (Matter parity is equivalent to R parity
ð1Þ3ðB-LÞþ2J in the supersymmetry framework because
of the angular momentum conservation. For discussions
on the gauge origin of R parity (or matter parity), see
Refs. [23,24].) This can occur in our Uð1Þ, whose charge
is basically the same as ½ðB-LÞ þ xY except that only the
4G quarks and leptons are charged. As a result, only the 4G
fermions are odd while the other fermions are even under
the parity (see Table I):
Uð1Þ ! Z2ð4G parityÞ  4G fermionsðoddÞ  OthersðevenÞ
(4)
The Higgs doublet 0 with nonzero Uð1Þ charge is still
even under 4G parity, and its vev does not break the Z2.
4G parity controls the production and decay of the 4G
fermions, as illustrated in Fig. 1, which is similar to the
role that R parity plays for superpartners in the supersym-
metry models. It stabilizes the lightest 4G particle or
L4P. In order to avoid a stable charged particle that might
conflict with observations, we will take the 4G neutrino
as the L4P in this Letter. The 4G parity also forbids
any mixing between the SM fermions and the 4G fermions.
Also, severely constrained flavor-changing neutral
FIG. 1. Production and decay of 4G fermions in the presence
of 4G parity.
TABLE I. Uð1Þ charges Q ¼ ½ðB LÞ þ xY4 and the resid-
ual Z2 discrete charges. 0 (1) means even (odd) under the parity.
Field Uð1Þ charge Z2 Field Uð1Þ charge Z2
Q13 0 0 Q4 1=3þ x 1
U13 0 0 U4 1=3þ 4x 1
D13 0 0 D4 1=3 2x 1
L13 0 0 L4 1 3x 1
N13 0 0 N4 1 1
E13 0 0 E4 1 6x 1
 0 0
0 3x 0
S 2=3 0
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currents are absent at the tree level because of the Uð1Þ
symmetry.
The Uð1Þ charge of the Higgs singlet S should be 2
after normalization of all charges into integers, in order to
have a Z2 as a remnant discrete symmetry from the Uð1Þ
[25]. It is 2=3 before the normalization (see Table I).
Since the 4G right-handed neutrino (N4) has the Uð1Þ
charge 1, the renormalizable 4G Majorana mass terms
(mN4N4 or SN4N4) are forbidden by the Uð1Þ and the 4G
neutrino is basically a Dirac particle (with only suppressed
nonrenormalizable Majorana mass terms),
Ly0N L4 ~0N4 þ H:c: (5)
Since the seesaw mechanism is irrelevant to this, the 4G
neutrino is naturally heavy (m4 ’ y0Nv0=
ffiffiffi
2
p
) in accord
with the LEP Z width measurement.
The Z boson width constrains the 4G fermions, includ-
ing the Dirac 4, to be heavier than mZ=2 ’ 45 GeV.
In addition, the 4G fermions could be produced through
the off-shell Z boson at the LEP2 experiment whose high-
est center-of-mass energy was 207 GeV. The best lower
bound on the 4G fermion mass as large as a half of the
LEP2 center-of-mass energy may be obtained except for
the stable 4.
Higgs search.—4G fermions and the Higgs boson have
implications for each other in the collider experiments
[26,27]. While the recent discovery of a new scalar boson
of about 125–126 GeV at the LHC experiments [28,29]
needs further study to determine if it is really the long-
sought Higgs scalar or not, it would be most natural to take
it as a Higgs boson in our model. The signals are largely
consistent with the SM prediction, including the gg!
Higgs !  mode, which includes the fermions in the
loop-induced vertices. It rules out the 4G models with a
single Higgs doublet such as SM4, which predicts Higgs
production and decay rates that are very different from the
SM prediction, regardless of the mass of 4. (For a detailed
discussion about this, see Refs. [30,31].)
This situation directs us to limited parameter space that
can provide a SM-like Higgs boson, that is, a Higgs scalar
that has a cross section and branching ratios similar to the
SM Higgs boson. Physical Higgs states are in general
mixtures of the Higgs scalars after symmetry breakings.
Since the SM-like Higgs boson should be ‘‘doublet domi-
nated,’’ i.e., should have couplings to Z and W similar to
those of the SM [the singlet composition of a Higgs boson
would not couple to weak gauge bosons because it is not
charged under the SUð2ÞL], let us consider only the
doublet mixing here to approximate it. Assuming that
the lighter one (h) is the SM-like Higgs boson, its relevant
couplings divided by the SM Higgs couplings (for EW
gauge bosons, SM fermions, 4G fermions, respectively)
are given by
rðhVVÞ ¼ sinð Þ; rðhf fÞ ¼ cos
sin
;
rðhf4 f4Þ ¼  sincos ;
as one can easily derive using the standard mixing nota-
tions in the two Higgs doublet model [32]:  is the mixing
angle of two neutral Higgs doublets, and  is defined by
tan  v=v0.
The production and decay rate of each mode can then be
obtained rather simply by multiplying the coupling ratio to
the well-known SM model formula and its straightforward
extension for the 4G. The SM-like Higgs boson can be
obtained, for example, with sin ’ 0 and tan ’ 2:3,
which gives rðhVVÞ’0:9, rðhf fÞ’1:1, and rðhf4 f4Þ ’ 0,
which provides a cross section and decay widths similar
to the SM Higgs boson at large. It will take a substantial
amount of data and time to determine the Higgs production
and branching ratio precisely enough to distinguish among
the models containing SM-like Higgs bosons.
Other Higgs bosons could be insensitive to the current
LHC data, depending on the mass and mixing with a Higgs
singlet, as extra decay modes such as decays into 4G
fermion pairs or ZZ0, Z0Z0 can make considerable changes
if kinematically accessible. The latter can be dominant in a
similar fashion that HSM ! WW, ZZ are dominant for a
sufficiently heavy Higgs boson in the SM as the Goldstone
boson equivalence theorem predicts. Detailed study of the
Higgs sector exploring various parameter choices will be a
natural subject of subsequent studies.
Higgs decays into 4G fermions, if they are open, are also
distinct in the presence of the 4G parity. For example, a
decay channel could be Higgs ! eþ4 e4 ! Wþ4W 4 !
2W with a sizable missing transverse energy (MET).
Dark matter sector.—The L4P, which we take as 4, is a
heavy neutral particle that is stable under the 4G parity and
it can be considered as a DM candidate either by itself or as
a fraction of what comprises about 23% of the energy
budget of the Universe.
Unfortunately, as has been well known from the early
days [33], the relic density of the thermal neutrino DM
with m4 >mZ=2 is very small compared to the experi-
mentally measured value due to the efficient annihilation
via the Z boson as well as the Higgs boson. This holds even
for very heavy 4 since new channels such asWW and ZH
open [34]. Thus, the 4 can exist only as a subdominant
DM in the standard cosmology.
Furthermore, the null results of the direct DM search
experiments using the nuclear recoil [35–37] provide a
stringent bound on any massive neutrino DM candidate
for both purely Dirac-type and Majorana-type neutrinos. A
major direct search channel for the 4G neutrino DM can-
didate is the one mediated by the Z boson in the t channel.
This gives simply too large a cross section (for example,
for a purely Dirac neutrino, nucleon  0:1G2Fm2eff 
1038 cm2 when we assume it is the sole DM candidate)
PRL 110, 021802 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
11 JANUARY 2013
021802-3
to be consistent with the experimental bounds (roughly
1044 cm2 level). For a fermionic DM candidate with
Dirac mass much larger than the Majorana mass, the
nuclear recoil can be inelastic, though, and it may escape
the bounds from the direct detection experiments [38,39].
While the DM constraint is interesting and worth studying
in detail, we will not pursue the details or try to fix the L4P
mass in this Letter. For some recent studies on the heavy
neutrino DM candidates, see Refs. [40–43].
Productions and decays of 4G fermions.—In analogy to
the R parity preserving supersymmetric models, the 4G
fermion with 4G parity can be produced only in pairs and
its decay chain always ends up with a stable L4P (see
Fig. 1). Decay modes depend on the mass spectrum, and
we will assume m4 <me4 , md4 <mu4 in this Letter for
definiteness. Some of the production (at hadron colliders)
and decay modes are the following: (1) production, gg!
q4 q4, q q!=Z!eþ4 e4 =q4 q4, u d!Wþ!4eþ4 =u4 d4;
(2) decay, e4 ! W þ 4, u4 ! Wþ þ d4, d4 !
ua þ db þ 4 (a, b ¼ 1–3). The light 4G quark (d4) decay
can occur through nonrenormalizable operators such as
effective QQQL, UUDE, UDDN. The d4 decay depends
on x. With x ¼ 1=3, it can decay through 1
2
QaQbQ4L4
and 1
2
UaDbD4N4. Although the decay is through
nonrenormalizable operators, it can decay instantaneously
in the detector roughly for  & 100 TeV, with
md4 m4  100 GeV.
It would be possible to construct nonrenormalizable
operators with only the SM fermions that can affect proton
decay if the universal cutoff scale is not very large.
However, it is also possible to realize the intermediate
scale  that is relevant only for the 4G involved processes
(for example, with intermediate scale scalar fermions and
appropriate coefficients in the supersymmetry framework)
and thereby leaves the proton decay intact.
Since the Z0 does not couple to the SM fermions directly,
the 4G fermions cannot form dilepton or other Z0 reso-
nances [21,44] through the Drell-Yan process unless we
consider mixing effect. The following may be interesting
channels to search for 4G fermions with the same mass
hierarchy as before:
gg! u4 u4 ! WþW þ 4jð2 u; d-typeÞ þMET; (6)
gg! d4 d4 ! 4jð2 u; d-typeÞ þMET; (7)
q q! =Z ! eþ4 e4 ! WþW þMET; (8)
u d! Wþ ! 4eþ4 ! Wþ þMET: (9)
Just like the supersymmetry search under the R parity,
sizable MET accompany all the 4G search modes.
Because these channels are so different from the con-
ventional 4G case, the 4G fermions could have escaped
the experimental searches based on the SM4. Furthermore,
if the mass difference among the 4G fermions is suffi-
ciently small, it may result only in very soft jets and
off-shell W bosons. In hadron colliders such as the
Tevatron and the LHC, such a soft jet is hard to distinguish
from the backgrounds [45]. Hence, we may have quite light
4G fermions consistent with the existing experimental
bounds. Quantitative studies including comparison to the
relevant background are called for to go beyond what we
have discussed.
Summary and outlook.—In this Letter, we introduced
4G parity and its Uð1Þ gauge origin, which interacts with
the 4G fermions but not with the SM fermions. An addi-
tional Higgs doublet is required to be compatible with the
recently measured 125–126 GeV Higgs signals, and
the Uð1Þ charges of fermions are uniquely determined if
the Uð1Þ charge of the additional Higgs doublet is fixed.
The 4G parity allows a simple way to harbor (possibly
light) 4G fermions while satisfying various theoretical and
experimental constraints, including the LEP Z width
bound. Since the light extra fermions are allowed, it would
be straightforward to extend the idea to include more than
one extra generation of fermions. The 4G parity in the 4G
scenario can be compared with the R parity in the super-
symmetry scenario. The 4G particles are pair produced,
and their decays end up yielding stable lightest 4G parti-
cles. The massive 4G neutrino is taken as a very natural
L4P, which would appear as the missing transverse energy
in collider experiments. Rich and distinct phenomenology
is guaranteed, and we briefly sketched some of that for the
LHC experiments. Among the open issues that require
further consideration are the detailed study of the Higgs
mixing effects, repercussions for CP violation and baryo-
genesis, detailed dark matter study, quantitative collider
study, and ultraviolet completion of the model.
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